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Abbreviations 
 
APCI atmospheric pressure chemical ionization 
Ar  aryl 
Bn  benzyl 
Bpin  4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl 
B2pin2 bis(pinacolato)diboron 
Cat.  catalyst 
CCD  charge coupled device 
CCDC  Cambridge crystallographic data centre 
cod  1,5-cyclooctadiene 
Cp  cyclopentadienyl 
Cp*  pentamethylcyclopentadienyl 
CSD  cambridge structural database 
Cy  cycohexyl 
DCB  1,2-dichlorobenzene 
dec.  decomposition 
DFT  density functional theory 
DG  directing group 
DIBAL-H  di-isobutylaluminum hydride 
DMAP  N,N-dimethylaminopyridine 
DME  1,2-dimethoxyethane 
equiv.  equivalent 
ESI  electrospray ionization 
Et  ethyl 
FAB  fast atom bombardment 
GC  gas chromatography 
GIAO  gauge-independent atomic orbital 
GOF  goodness of fit 
GPC  gel permeation chromatography 
HOMO  highest occupied molecular orbital 
HRMS  high-resolution mass spectroscopy 
iBu  isobutyl 
iPr  isopropyl 
IR  infrared 
L  ligand 
LMCT  ligand to metal charge transfer 
LiTMP  lithium tetramethylpiperidide 
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LUMO  lowest unoccupied molecular orbital 
M  metal 
MAD  methylaluminum bis(2,6-di-tert-butyl-5- methylphenoxide) 
MAO  methylaluminoxane 
Me  methyl 
Mes  2,4,6-trimethylphenyl 
Mes*  2,4,6-tri-tert-butylphenyl 
meta 3 or 5 positions of heterobenzene 
Mn  number-average molecular weight 
MO  molecular orbital 
mp  melting point 
MS  mass spectrometry 
Mv  viscosity average molecular weight 
Mw  weight-average molecular weight 
M06-L  Minnesota 06-local functional 
NICS  nuclear independent chemical shift 
nJXY  spin-spin coupling constant (n = number of bonds, X,Y = coupling nuclei) 
NPA  natural population analysis 
NBO  natural bond orbital 
nBu normal butyl 
NMR  nuclear magnetic resonance 
nPr normal propyl 
ortho 2 or 6 positions of heterobenzene 
para 4 position of heterobenzene 
PE  poly(ethylene) 
Ph  phenyl 
ppm  parts per million 
py  pyridine 
Tbt  2,4,6-tris[bis(trimethylsilyl)methyl]phenyl 
tBu  tert-butyl 
TD  time dependent 
THF  tetrahydrofuran 
UHMWPE  ultra-high molecular weight polyethylene 
UV-vis  ultraviolet-visible 
WBI  Wiberg bond index 
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1.1 Fundamental aromatic systems 
 Benzene is one of the most fundamental hydrocarbon molecules, the structure of which was proposed 
by Kekulé.1 Therefore, numerous benzene derivatives have been studied in broad fields, such as 
pharmaceuticals, electronic materials, polymers, and versatile ligands for organometallic compounds. 
The most important property of benzene is its aromaticity. Benzene has a planar structure and 
unsaturated C-C bonds without bond alternation derived from cyclic delocalized six p-electron 
conjugated system.2 In addition to benzene, ionic compounds with six p-electron systems have also 
been known as aromatic compounds. For example, cyclopentadienyl anion and tropylium cation 
exhibit aromaticity.3 It should be noted that the cyclopentadienyl anion has been one of the most 
famous ligands and broadly utilized as anionic supporting ligand for transition-metal catalyst.4 On the 
other hand, the replacement of a carbon atom in benzene with a heteroatom can also construct an 
aromatic framework. For instance, pyridine, which is nitrogen-containing benzene, is known as an 
aromatic compound bearing six p-electrons over one nitrogen and five carbon atoms (Figure 1.1). 
Five-membered ring systems with a heteroatom, such as furan and thiophene, also have delocalizede 
six p-electrons consisting of two C=C double bonds and a lone pair on the heteroatom. The 
incorporation of heteroatom induces additional properties to those of the parent benzene. For example, 
the group 15 or 16 element-containing aromatic systems exhibit a Lewis basicity derived from the lone 
pair on the heteroatom. However, the generally studied heteroatom-incorporated aromatic system is 
limited to the incorporation of nitrogen, oxygen, and sulfur atoms.  
  
Figure 1.1 Fundamental carbon-based aromatic compounds and their isoelectronic heteroaromatic compounds 
 
1.2 Aromatic system containing heavy heteroatoms 
 The incorporation of heavy main group element (heavier than those of the second period) into 
benzene and the other aromatic molecules has been extensively studied to discuss the character of 
“heavy aromaticity” (Figure 1.2 A).5 Incorporation of a heavy group 14 or 15 element gives a heavier 
congener of benzene or pyridine, which are well-known aromatic compounds. However, the synthesis 
of heavy heteroatom-containing benzene is generally more difficult compared to those for the 
conventional aromatic molecules, such as benzene and pyridines. The heavy heteroatom in p-
conjugated systems have reactive E-C unsaturated bonds due to the inefficient p-orbital overlap 
between carbon and heavy heteroatom.6 The inefficiency originated from the difference in size and 
energy level of p-orbitals between carbon and heavy heteroatom. Despite of their high reactivity, the 
synthesis of benzene derivatives having group 14 or 15 elements such as phosphabenzenes 1, 7,7 
arsabenzene 2,7b stibabenzene 3, 8,8 bismabenzene 4, 9, 10,8,9 silabenzene 11-1410 and germabenzene 
N
isoelectronic
O S
isoelectronic isoelectronic
 9 
15,11a 1611b has been reported to reveal their structures (Figure 1.2). 
 
   
Figure 1.2 (A) The parent heavy heterobenzenes, (B) Kinetically stabilized heavy heterobenzenes  
 
 Due to their high reactivity which can be attributed to the weak E-C unsaturated bond, the parent 
heavy heterobenzenes 1-6 have never been isolated under air.12 The first isolation of the heavy 
heterobenzene was reported with phosphabenzene 7 having three phenyl groups at ortho- and para- 
positions to protect the reactive phosphabenzene skeleton.3a Thus, phosphabenzene 7 was air- and 
moisture-stable. Although the parent phosphabenzene 1 is air-sensitive, the isolation of 1 has been 
achieved under an inert atmosphere.7b As a further heavier analog with group 15 element, arsabenzene 
2 was also isolated under an inert atmosphere.7b However, the parent stibabenzene 3 and bismabenzene 
4 were unstable even under an inert atmosphere to form dimers 17-19 reversibly due to their weak E-
C unsaturated bond (Scheme 1.1).4 To prevent the dimerization, kinetic stabilization with para-methyl 
group enabled the isolation of stibabenzene 8.8b In contrast, para-substitution of bulker tBu group in 
bismabenzene 9 was not sufficient to stabilize bismabenzene to prevent the formation of the 
corresponding dimer 19.8b The synthesis of stable bismabenzene 10 was recently achieved with a 
framework possessing two iPr3Si groups for the kinetical stabilization, which was developed by the 
author.9  
 
Scheme 1.1 Reversible dimerization of stibabenzene and bismabenzene 
  
 In the case of heavy group 14 element-incorporated benzenes, the parent silabenzene 5 and 
germabenzene 6 have never been synthesized probably due to the reactive E-C unsaturated bonds. The 
isolation of silabenzene and germabenzene was also attempted by kinetic stabilization strategy. For 
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early example, silabenzene 11 has been investigated by Märkl.10a However, 11 was labile to dimerize 
to give 20 at 0 °C (Scheme 1.2).10a Even further bulkier silabenzenes 12 and 13 were observed only at 
low temperature (below −100 °C for 12, at −180 °C for 13). Due to the high reactivity of silabenzene, 
the isolation and characterization have not been achieved until 2000. The first room temperature-stable 
silabenzene 14 was successfully synthesized and isolated by taking advantages of the kinetic 
stabilization with 2,4,6-tris[bis(trimethylsilyl)methyl]phenyl (Tbt) group on the silicon atom.10d 
Similarly to the silicon analog, germabenzene 15 was not stable and isolable, 11a but stable 
germabenzene 16 was synthesized by using Tbt group with a kinetic stabilization.11b As related 
examples of heavy group 14 element-containing benzenes, stannanaphthalene 21 was also synthesized 
as a stable compound by using kinetically stabilizing Tbt and tBu groups (Figure 1.3).13  
 
Scheme 1.2 Dimerization of silabenzene 11 
 
 
 
Figure 1.3 Related tin-incorporated aromatic compound 
 
 By utilization of the kinetic stabilization by appropriate sterically protecting groups, group 14 or 15 
element-incorporated benzenes could be synthesized and successfully characterized with prevention 
of dimerization. As a result of structural characterization, these heavy heterobenzenes have been 
considered as aromatic compound. In addition to the benzene analogs, temperature-stable heteroles 
and heterophenes having heavy group 15 or 16 element, such as phosphole 22,14 arsole 23,15 stibole 
24,16 bismole 25,17 thiophene 26, selenophene 27,18 and tellurophene 28,19 have been synthesized and 
characterized (Figure 1.4). In the case of heavy group 15 element, the geometry around group 15 
elements are not planar, suggesting the almost no aromatic contribution due to the inefficient orbital 
overlap between the lone pair orbital on the heavy group 15 element and the 2p orbitals of the butadiene 
moiety. On the other hand, the heavy group 16 element-incorporated heterophenes have aromaticity, 
because their 1H and 13C NMR chemical shifts, bond lengths, and the value of nuclear independent 
chemical shift (NICS) are consistent with the criteria of aromatic compounds.20, 21 In contrast to the 
broad studies about aromatic compounds having heavy group 14-16 element, the example of aromatic 
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tBu
Si
11
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compounds bearing heavy group 13 elements are still limited probably owing to weak and the polarized 
C-E bond (E = heavy group 13 element).22-35 
  
Figure 1.4 Heavy heteroles and heterophenes having heavy group 15 and 16 elements 
 
1.3 Group 13 element-incorporated aromatic systems 
 
 Group 13 element-incorporated aromatic system, such as borabenzene, has also been of interest 
because of the aromaticity containing group 13 elements. However, the research on this class of 
compounds has been limited probably due to the high reactivity derived from an empty orbital. 
Incorporation of a group 13 element into benzene leads to three different types of compounds 29E-
31E (Figure 1.5). The neutral heterobenzene 29E has an empty sp2 orbital on the group 13 element 
and should six p-electron aromatic system. However, heterobenzene 29E has never been observed, 
due to the high reactivity of the empty sp2 orbital. Although Maier attempted to observe parent 
borabenzene 29B by flash thermolysis of 32 under nitrogen atmosphere, only N2-coordinated 
borabenzene 33 was observed by IR spectroscopy (Scheme 1.3),22c suggesting the synthetic difficulty 
of parent borabenzene 29B. 
 
Figure 1.5. Three different kinds of group 13 element-incorporated benzenes 
 
Scheme 1.3. Formation of N2-coordinated neutral borabenzene 33 
  
 
 Anionic heterobenzene 30E, which is negatively charged benzene framework having anionic ligand 
on the group 13 element. As the first example of group 13 element-incorporated benzene, the synthesis 
of anionic borabenzene 37 has been achieved by Ashe through double trans-selective 
hydrostannylation, transmetallation from tin to boron, and subsequent deprotonation (Scheme 1.4).23 
For the synthesis of anionic borabenzene derivatives, some efficient methods were developed. For 
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example, dimethylamino- or methyl-substituted anionic borabenzenes 40 and 43 could be synthesized 
from stereoisomeric mixture of 1,3-pentadiene 38 through a common intermediate 39 generated by 
allylic deprotonation of 38 and subsequent borylation at terminal position (Scheme 1.5).24 Synthesis 
of the anionic borabenzenes 45 bearing a variety of substituent on boron atom was enabled by using 
neutral borabenzene-trimethylphosphine adduct 44 as a starting material (Scheme 1.6).25 Since 30E is 
an aromatic system bearing net negative charge like cyclopentadienyl anion, it was demonstrated that 
anionic borabenzene and gallabenzene can coordinate to a transition-metal atom as Cp analogs (See 
section 1.4).26,27 
 
Scheme 1.4. Synthesis of the anionic borabenzene 37 from 1,4-pentadiyne 34 
  
Scheme 1.5. Synthesis of the anionic borabenzenes 40 and 43 from stereoisomeric mixture of 1,3-pentadiene 38 
  
Scheme 1.6. Synthesis of the anionic borabenzenes 45 from neutral borabenzene 44 
  
 
 As the other benzene derivatives having group 13 elements, neutral heterobenzenes 31E, stabilized 
by coordination of neutral Lewis base, were synthesized only in the case of boron derivatives. The first 
neutral borabenzene stabilized by the coordination of pyridine 49 was synthesized from 
boracyclohexadiene 46 through deprotonation to generate anionic borabenzene 47, introduction of 
trimethylsilyl group, and elimination of MeOSiMe3 in the presence of pyridine (Scheme 1.7).28 To 
reduce the number of the synthetic steps, a more efficient and general synthesis for the neutral 
borabenzene derivatives 53 was also developed through double trans-selective hydrostannylation of 
trimethylsilyl-substituted 1,4-diyne 50, transmetallation from tin to boron, and subsequent elimination 
of chlorotrimethylsilane in presence of Lewis base (Scheme 1.8).29  
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Scheme 1.7. Synthesis of the first neutral borabenzene 49 
   
 
Scheme 1.8. Efficient and general synthesis of the neutral borabenzenes 53 
  
 
 In contrast to the chemistry of borabenzene which has been extensively studied, the research on 
heavier group 13 element-incorporated benzenes have been quite limited. The Al, Ga, In, or Tl analogs 
are basically unknown despite some theoretical studies suggesting their aromaticity except for Tl 
case.21 The sole experimental research on the heavier group 13 element-incorporated benzene has been 
reported for anionic gallabenzene 30Ga (Figure 1.5). By using different strategy from that of the 
synthesis of borabenzenes, anionic gallabenzene 56 was synthesized through a formation of 
gallacyclohexadiene from dilithiopentadiene 54 and subsequent deprotonation for construction of 
aromatic gallabenzene ring (Scheme 1.9).27 To stabilize the Ga–C unsaturated bond, bulky Mes* 
substituent was introduced to the gallium atom. The gallabenzene 56 was characterized by the NMR 
spectroscopy in solution. However, the isolation and structural analysis of the anionic gallabenzene 56 
has never been achieved even with the kinetic stabilization by a bulky Mes* group probably due to its 
high reactivity. Therefore, by using the further kinetic stabilization with more effective coverage 
around the reactive E–C bonds, isolation of heavy group 13 element-incorporated benzenes as stable 
compound may be possible. However, the lack of synthetic methodology for the precursor of heavy 
group 13 element-incorporated benzene, such as metallacyclohexadiene, has been a problem to be 
solved. 
 
Scheme 1.9. Synthesis of the first anionic gallabenzene 56 
  
 
 The Group 13 heterole dianions 57E are isostructural to cyclopentadienyl anion (Figure 1.6A). 
Recently, a series of Mes*- and phenyl-/ethyl- substituted borole-, alumole- and gallole-dianions (5930, 
6031, 6132) were synthesized (Figure 1.6B). According to the experimental and theoretical analysis, 
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their structures and properties would be in agreement with the criteria of aromatic compounds. 
Heterepins 58E which have six electrons in the planar seven-membered ring, are isoelectronic with 
tropylium cation (Figure 1.5A).33-35 Borepin 6233 and gallepin 6434 were synthesized and isolated 
(Figure 1.5C). Yoshida and Uchiyama attempted to synthesize dibenzoaluminepin 63,35 however, the 
isolated product 63-Et2O was not pure 6p-aromatic system due to the coordination of diethyl ether on 
aluminum atom. 
 
Figure 1.6. (A) Ionic aromatic hydrocarbons and their isostructural molecules of the parent group 13 element-incorporated 6p-aromatic 
compounds (B) Reported heterole dianions. (C) Reported heterepins or their Lewis base adduct. 
 
1.4 Transition-metal complexes having group 13 element-incorporated Benzenes 
 
 Anionic group 13 element-containing benzenes, such as borabenzene 65, can coordinate to transition-
metals in an h6- (66) or h5- (67) fashion. The former is similar to those of benzene and 
cyclopentadienyl anion ligand, and the latter is similar to that of pentadienyl anion (Figure 1.7).26,  
  
Figure 1.7. Cyclopentadienyl anion, anionic borabenzene, and their coordination mode to transition-metals 
 
Borabenzene-cobalt complex 70, the first anionic borabenzene-transition metal complex, was 
synthesized by a reaction of cobaltocene 68 with PhB(PF6)2 through the insertion of "PhB2+" unit and 
following ring expansion (Scheme 1.10).36  
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Scheme 1.10. Synthesis of the first anionic borabenzene-transition metal complex 70 
   
 Usually, two coordination modes of anionic borabenzene 65 to transition-metals are observed as h6-
fashion in complex 66 and η5-fashion in 67 (Figure 1.7), depending the property of the substituent on 
the boron atom. In zirconium complex 71, the anionic borabenzene ligand having diisopropylamino 
group on the boron atom coordinated to the zirconium atom in the η5-mode due to the pp-n interaction 
between boron and nitrogen atoms.37 In addition, the boron atom in the anionic borabenzene ligand 
has Lewis acidity to accept a nucleophile. Anionic borabenzene-manganese complex 72 having 
intramolecular coordination of a pendent amino group was observed to possess the η5-coordination 
mode.38 In borabenzene-cobalt complex, a coordination of pyridine to boron atom gave borabenzene-
complex 73, which also had the η5-coordination mode of borabenzene.39  
    
Figure 1.8 Anionic borabenzene-metal complexes having a η5-coordination mode  
 
 Especially, as a catalyst for olefin polymerization, many anionic borabenzene-early transition metal 
complexes were synthesized (Figure 1.9). The combination of complex 71 and excess amount of 
methylaluminoxane (MAO) showed the catalytic activity for ethylene polymerization. The activity 
[(105 kg of polyethylene/h·[Zr]·mol)] was higher than those of Cp2ZrCl2 74 [90 kg of 
polyethylene/(h·[Zr]·mol)].37 Ansa-zirconocene complex 75 having two anionic borabenzene 
ligands40 and constrained geometry half titanocene complex 76 having one anionic borabenzene 
ligand41 were also synthesized to be applied as a catalyst for the copolymerization of ethylene/1-octene 
in the presence of excess amount of MAO. 
    
Figure 1.9 The popular polymerization catalyst, Cp2ZrCl2 and borabenzene derivatives of Ansa-zirconocene complex and constrained 
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geometry half titanocene complex  
 
 Since the neutral borabenzene ligand is isoelectronic to the neutral benzene, neutral borabenzene 
could coordinate to transition metal in h6-fashion. In fact, borabenzene-coordinated Cr and Mo 
complexes 77, which are boron containing analog of the well-known (h6-arene)M(CO)3, were 
synthesized as the first examples of neutral borabenzene-transition metal complexes (Scheme 1.11).42 
As one of the limited examples of borabenzene-complex, borabenzene-ytterbium complex 78 has also 
been known.43 
 
Scheme 1.11. Synthesis of the first neutral borabenzene-transition metal complexes 77 
   
 
  
Figure 1.10 The reported borabenzene-ytterbium complex 78 
 
 In contrast to the widely studied neutral and anionic borabenzene complexes, there is only one 
example of a transition metal complex bearing heavy group 13 element-incorporated benzene ligand. 
As the reported sole experimental research, anionic gallabenzene-manganese complex 79 was 
synthesized by a reaction of anionic gallabenzene 56 with [(CH3CN)3Mn(CO)3]+[PF6]– (Scheme 
1.12).27 According to the X-ray crystallographic analysis of 79, the gallabenzene ligand coordinated 
to Mn in the η5-fashion. However, the unique properties such as Lewis acidic character of gallium 
atom have not revealed. 
 
Scheme 1,12. Synthesis of anionic gallabenzene-manganese complex 79 
    
 
1.5 Summary 
 
 The chemistry of group 13 element-incorporated benzenes was mainly studied with the boron analogs, 
borabenzene. By seminal reports as mentioned above, the chemistry of borabenzene has been 
developed from fundamental chemistry to the application as the supporting ligand for transition metal 
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catalysts on the basis of their unique aromatic system. In this context, the incorporation of heavy group 
13 element into aromatic system such as benzene, is of interest from viewpoints of fundamental 
chemistry regarding to aromaticity with heavy element and application as a unique ligand for 
transition-metal catalyst. However, according to the above-mentioned background, the chemistry of 
heavy group 13 element-incorporated benzene is undeveloped probably due to the synthetic difficulty 
of these compounds. Therefore, the author investigated the synthesis and characterization of heavy 
group 13 element-incorporated benzenes. In this thesis, the author summarized the synthesis and 
characterization of heavy group 13 element-incorporated benzenes and their transition metal 
complexes (Figure 1.11). In chapter 2, synthesis of the anionic aluminabenzene 79 with a synthetic 
route developed by the author is described. By the utilization of the synthetic methodology for 
aluminabenzene 80, the heavier analogs, anionic gallabenzene 81 and indabenzene 82 have also been 
synthesized and isolated as stable compounds. Details of the results regarding galla- and inda-benzenes 
are summarized in Chapter 3. As the electronic structures of group 13 element-incorporated benzenes, 
the aromatic and ambiphilic resonance contributions have been revealed based on experimental and 
theoretical investigations described in Chapters 2 and 3. Since the ambiphilic structure of anionic 
aluminabenzene consists of an h5 pentadienyl anion and a Lewis acidic aluminum atom, it could be 
introduced to early and late transition metals as an h5-type anionic ligand with a function of Lewis 
acid. In Chapter 4, the author summarized synthesis of aluminabenzene-zirconium complexes 83-85 
and catalytic application of 85 toward ethylene polymerization catalyst. The author also succeeded in 
synthesis of aluminabenzene-rhodium/iridium complexes 86 and 87. The details of synthesis, structure, 
reactivities, and catalytic application for C(sp3)-H borylation of alkylamines are described in Chapter 
5.  
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Figure 1.11 Structure of this thesis and key compounds  
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